Pt represents an effective promoter of supported Ni catalysts in the transformation of tristearin to green diesel via decarbonylation/decarboxylation (deCO x ), conversion increasing from 2% over 20% Ni/Al 2 O 3 to 100% over 20% Ni-0.5% Pt/Al 2 O 3 at 260 • C. Catalyst characterization reveals that the superior activity of Ni-Pt relative to Ni-only catalysts is not a result of Ni particle size effects or surface area differences, but rather stems from several other phenomena, including the improved reducibility of NiO when Pt is present. Indeed, the addition of a small amount of Pt to the supported Ni catalyst dramatically increases the amount of reduced surface metal sites, which are believed to be the active sites for deCO x reactions. Further, Pt addition curbs the adsorption of CO on the catalyst surface, which decreases catalyst poisoning by any CO evolved via decarbonylation, making additional active sites available for deoxygenation reactions and/or preventing catalyst coking. Specifically, Pt addition weakens the Ni-CO bond, lowering the binding strength of CO on surface Ni sites. Finally, analysis of the spent catalysts recovered from deCO x experiments confirms that the beneficial effect of Pt on catalyst performance can be partially explained by decreased coking and fouling.
Introduction
The limited availability and uneven geographical distribution of fossil resources, as well as environmental concerns associated with their use, demand the development of renewable and carbon neutral alternatives. Biofuels-i.e., fuels derived from biomass-are not only renewable and have the potential to become carbon neutral, but they can avoid competing with the food supply if they are obtained from waste or non-edible feedstocks [1] [2] [3] [4] . Biodiesel, which is comprised of fatty acid methyl esters (FAMEs), is currently produced industrially from a variety of oils and fats through the transesterification or esterification of their triglyceride and fatty acid constituents, respectively. Although biodiesel production is technically straightforward, it displays several drawbacks as a fuel (e.g., poor cold flow properties and storage stability) stemming from the oxygen content of Unsurprisingly, Pt peaks are not observed due to the very low Pt metal loadings. The NiO particle sizes were obtained by applying the Scherrer equation to the 37.2° NiO peak, and the calculated particle sizes, as well as other textural properties, are listed in Table 1 . The NiO particle size of the bimetallic catalysts was similar to that of the Ni-only catalyst, indicating that the additional calcination step used during Pt addition (see Section 3.1) did not result in sintering of the NiO to form larger particles. As expected, the surface areas of 20% Ni/Al2O3 and Unsurprisingly, Pt peaks are not observed due to the very low Pt metal loadings. The NiO particle sizes were obtained by applying the Scherrer equation to the 37.2 • NiO peak, and the calculated particle sizes, as well as other textural properties, are listed in Table 1 .
The NiO particle size of the bimetallic catalysts was similar to that of the Ni-only catalyst, indicating that the additional calcination step used during Pt addition (see Section 3.1) did not result in sintering of the NiO to form larger particles. As expected, the surface areas of 20% Ni/Al 2 O 3 and the Ni-Pt bimetallic catalysts are also similar (129-138 m 2 /g), and the 0.5% Pt/Al 2 O 3 catalyst has a higher surface area (196 m 2 /g) due to the absence of Ni.
Transmission Electron Microscopy (TEM) measurements and TEM observations coupled with Energy Dispersive X-Ray Spectroscopy (EDS) analyses provided additional information regarding particle size (see the Ni-Pt bimetallic catalysts are also similar (129-138 m 2 /g), and the 0.5% Pt/Al2O3 catalyst has a higher surface area (196 m 2 /g) due to the absence of Ni. Transmission Electron Microscopy (TEM) measurements and TEM observations coupled with Energy Dispersive X-Ray Spectroscopy (EDS) analyses provided additional information regarding particle size (see Figure 2a and Figure A1 in Appendix A), as well as insights into the composition of individual metal particles (see Figure 2b and Figure A2 in Appendix A) for the 20% Ni/Al2O3 and the 20% Ni-0.5% Pt/Al2O3 catalysts. Notably, both catalysts contain metal particles in a narrow size range, with all particles measured having a diameter between 5 and 13 nm, irrespective of the catalyst. Moreover, as shown in Figure 2a , the vast majority of the metal particles in the monometallic formulation range between 6 and 9 nm, whereas the bimetallic Ni-Pt catalyst contains slightly larger metal particles in the 6 to 10 nm range. This is in agreement with the average NiO particle sizes calculated from XRD data (see Table 1 ), according to which the 20% Ni-0.5% Pt/Al2O3 catalyst exhibited slightly larger particles (8.7 nm on average) than the monometallic formulation (6.8 nm on average). The results of the elemental analysis (by EDS) of representative particles in the 20% Ni-0.5% Pt/Al2O3 catalyst -which were used to build the particle composition histogram in Figure 2b -show that the majority of metal particles display a Pt content between 0 and 5 wt.%, which is in line with the 2.4 wt.% Pt content that would be expected from the bulk metal loading. Interestingly, the elemental maps displayed in Figure A2 in Appendix A show that Pt-rich regions coincide with the location of Ni particles. Moreover, Pt was present in every single one of the particles analyzed by means of EDS, which suggests that Pt is either alloyed or closely associated with Ni, i.e., likely constituting a bimetallic phase as opposed to two distinct monometallic phases.
The TPR profiles shown in Figure 3 clearly show that Pt addition changes the reduction temperature of oxidized Ni species in the catalysts. Indeed, the 20% Ni/Al2O3 catalyst displays a broad reduction event with a maximum at 550 °C associated with the reduction of NiO to Ni 0 on the γ-Al2O3 support [51] . This broad reduction event has two shoulders, including one with a local maximum at 350 °C attributed to the reduction of larger NiO particles that interact weakly with the support [51] , and another above 600 °C assigned to the reduction of NiAl2O4 [32] . The Pt-containing catalysts also exhibit the same reduction events, with the first -occurring between 300 and 350 °C -being most likely associated with the reduction of large Ni ensembles either alloyed or in close proximity to Pt Notably, both catalysts contain metal particles in a narrow size range, with all particles measured having a diameter between 5 and 13 nm, irrespective of the catalyst. Moreover, as shown in Figure 2a , the vast majority of the metal particles in the monometallic formulation range between 6 and 9 nm, whereas the bimetallic Ni-Pt catalyst contains slightly larger metal particles in the 6 to 10 nm range. This is in agreement with the average NiO particle sizes calculated from XRD data (see Table 1 ), according to which the 20% Ni-0.5% Pt/Al 2 O 3 catalyst exhibited slightly larger particles (8.7 nm on average) than the monometallic formulation (6.8 nm on average). The results of the elemental analysis (by EDS) of representative particles in the 20% Ni-0.5% Pt/Al 2 O 3 catalyst -which were used to build the particle composition histogram in Figure 2b -show that the majority of metal particles display a Pt content between 0 and 5 wt.%, which is in line with the 2.4 wt.% Pt content that would be expected from the bulk metal loading. Interestingly, the elemental maps displayed in Figure A2 in Appendix A show that Pt-rich regions coincide with the location of Ni particles. Moreover, Pt was present in every single one of the particles analyzed by means of EDS, which suggests that Pt is either alloyed or closely associated with Ni, i.e., likely constituting a bimetallic phase as opposed to two distinct monometallic phases.
The TPR profiles shown in Figure 3 clearly show that Pt addition changes the reduction temperature of oxidized Ni species in the catalysts. Indeed, the 20% Ni/Al 2 O 3 catalyst displays a broad reduction event with a maximum at 550 • C associated with the reduction of NiO to Ni 0 on the γ-Al 2 O 3 support [51] . This broad reduction event has two shoulders, including one with a local maximum at 350 • C attributed to the reduction of larger NiO particles that interact weakly with the support [51] , and another above 600 • C assigned to the reduction of NiAl 2 O 4 [32] . The Pt-containing catalysts also exhibit the same reduction events, with the first -occurring between 300 and 350 • C -being most likely associated with the reduction of large Ni ensembles either alloyed or in close proximity to Pt [49] , and the broad peak above 500 • C with a high temperature (≥700 • C) shoulder being assigned to the reduction of NiO particles and NiAl 2 O 4 , respectively.
Catalysts 2018, 8, x FOR PEER REVIEW 5 of 21 [49] , and the broad peak above 500 °C with a high temperature (≥700 °C) shoulder being assigned to the reduction of NiO particles and NiAl2O4, respectively. The most notable difference between 20% Ni/Al2O3 and the Pt-containing catalysts is the prominent reduction maximum occurring between 440-460 °C displayed by all bimetallic formulations. The TPR profile of the 0.5% Pt/Al2O3 catalyst contains a single reduction event at a similar temperature, which suggests that the peaks centered at ~450 °C are associated with the reduction of surface Pt. However, the 440-460 °C reduction maxima of the bimetallic catalysts are significantly larger than the maximum observed for the Pt-only catalyst. This indicates that the majority of the hydrogen uptake shown by the bimetallic catalysts between 350 and 500 °C must be due to the reduction of NiO, with the fact that small additions of Pt to Ni catalysts can greatly enhance the reducibility of the latter being well-documented in the literature [49, 52] . Pt is known to facilitate hydrogen spillover [46] , resulting in the observed shift in the reduction temperature of oxidized Ni species. Indeed, while hydrogen spillover causes the reduction of oxidized Ni sites in close proximity to Pt to shift to lower temperatures, the same phenomenon may shift the reduction of other Ni 2+ sites (e.g., NiAl2O4) to higher temperatures due to the preferential engagement of hydrogen in the reduction of the former type of Ni sites.
The TPR results discussed above are consistent with the results of x-ray photoelectron spectroscopy (XPS) measurements performed on two representative catalysts, namely, 20% Ni/Al2O3 and 20% Ni-0.5% Pt/Al2O3 after reduction under H2 at 400 °C (the Ni 2p region of the resulting spectra is shown in Figure A3 in Appendix A). Integration of the peak corresponding to Ni 0 indicated that while the concentration of metallic Ni on the surface of 20% Ni/Al2O3 is ~4.8 at.%, the corresponding value for 20% Ni-0.5% Pt/Al2O3 is ~7.0 at.%. This confirms that the addition of Pt to the Ni catalyst enhances its reducibility and leads to a considerably higher amount of reduced Ni sites at the catalyst surface.
H2 chemisorption was performed on the catalysts used in this study to identify the number of active sites available after the reduction step, i.e., preceding deoxygenation experiments (see Section 3.3). The amount of active metal sites was estimated assuming dissociative adsorption of the full amount of H2 adsorbed, which is displayed in Table 2 along with the theoretical H2 adsorption The most notable difference between 20% Ni/Al 2 O 3 and the Pt-containing catalysts is the prominent reduction maximum occurring between 440-460 • C displayed by all bimetallic formulations. The TPR profile of the 0.5% Pt/Al 2 O 3 catalyst contains a single reduction event at a similar temperature, which suggests that the peaks centered at~450 • C are associated with the reduction of surface Pt. However, the 440-460 • C reduction maxima of the bimetallic catalysts are significantly larger than the maximum observed for the Pt-only catalyst. This indicates that the majority of the hydrogen uptake shown by the bimetallic catalysts between 350 and 500 • C must be due to the reduction of NiO, with the fact that small additions of Pt to Ni catalysts can greatly enhance the reducibility of the latter being well-documented in the literature [49, 52] . Pt is known to facilitate hydrogen spillover [46] , resulting in the observed shift in the reduction temperature of oxidized Ni species. Indeed, while hydrogen spillover causes the reduction of oxidized Ni sites in close proximity to Pt to shift to lower temperatures, the same phenomenon may shift the reduction of other Ni 2+ sites (e.g., NiAl 2 O 4 ) to higher temperatures due to the preferential engagement of hydrogen in the reduction of the former type of Ni sites.
The TPR results discussed above are consistent with the results of x-ray photoelectron spectroscopy (XPS) measurements performed on two representative catalysts, namely, 20% Ni/Al 2 O 3 and 20% Ni-0.5% Pt/Al 2 O 3 after reduction under H 2 at 400 • C (the Ni 2p region of the resulting spectra is shown in Figure A3 in Appendix A). Integration of the peak corresponding to Ni 0 indicated that while the concentration of metallic Ni on the surface of 20% Ni/Al 2 O 3 is~4.8 at.%, the corresponding value for 20% Ni-0.5% Pt/Al 2 O 3 is~7.0 at.%. This confirms that the addition of Pt to the Ni catalyst enhances its reducibility and leads to a considerably higher amount of reduced Ni sites at the catalyst surface.
H 2 chemisorption was performed on the catalysts used in this study to identify the number of active sites available after the reduction step, i.e., preceding deoxygenation experiments (see Section 3.3). The amount of active metal sites was estimated assuming dissociative adsorption of the full amount of H 2 adsorbed, which is displayed in Table 2 along with the theoretical H 2 adsorption calculated for different scenarios. Notably, H 2 adsorption increases dramatically from 0.095 mL/g for 20% Ni/Al 2 O 3 to 0.461 mL/g for 20% Ni-0.1% Pt/Al 2 O 3 . Assuming that the number of Ni metal surface sites remains unaffected by the addition of Pt, the theoretical H 2 adsorption expected after 0.1% Pt addition (with an unlikely 100% Pt metal dispersion) is calculated to be 0.152 mL/g. The fact that the observed increase in H 2 adsorption is three times the theoretical value indicates that additional reduced Ni sites are created, which is in line with previous reports [49, 52] . The amount of H 2 adsorption does rise as Pt metal loading increases further; however, higher Pt metal loadings do not display the dramatic adsorption difference observed between the monometallic catalyst and 20% Ni-0.1% Pt/Al 2 O 3 . In fact, the H 2 adsorption trend roughly corresponds to the amount expected from the incorporation of additional Pt (as calculated for a scenario assuming 50% Pt metal dispersion). Since any CO evolved via decarbonylation risks interacting strongly with the surface of Ni catalysts, leading to their poisoning [6, 7] , the interaction of CO with these catalysts is of great interest. This is particularly true given that the addition of small amounts of Pt has been reported to lower the binding strength of CO on supported Ni catalysts and avoid the poisoning of active metal sites [49] . Therefore, two representative catalysts, namely, 20% Ni/Al 2 O 3 and 20% Ni-0.5% Pt/Al 2 O 3 , were studied by means of CO temperature programmed desorption (TPD). The resulting TPD profiles (shown in Figure 4 ) include traces corresponding to CO and CO 2 , as both gases are evolved in these experiments through a complex desorption mechanism in which CO can be converted to CO 2 via the Boudouard and water gas shift (WGS) reactions [49] , with the latter reaction occurring due to the dehydroxylation of alumina [53] . Irrespective of the desorbed molecule, all desorption events take place in a temperature regime (<200 • C) characteristic of single site chemisorption, which is in turn indicative of high coverage [49] . Comparing the traces in Figure 4 corresponding to 20% Ni/Al 2 O 3 and 20% Ni-0.5% Pt/Al 2 O 3 , it is evident that the peak temperature for CO desorption from the Pt-promoted catalyst is shifted to slightly lower temperature relative to the Ni-only catalyst. This confirms that Pt addition does lower the CO binding energy, which is advantageous since curbing the adsorption of CO on the metal should reduce the blocking of sites for deoxygenation reactions and help to prevent catalyst coking. Interestingly, above 100 • C, the Pt-promoted catalysts desorb a higher amount of CO 2 than the Ni-only formulation, which can be attributed to an enhancement of the WGS reaction since thermogravimetric analysis results (vide infra) suggest that Pt addition disfavors the Boudouard reaction. In turn, this is consistent with previous reports in which a lowering of the binding energy of CO favors the WGS reaction and CO 2 /H 2 formation [49] . This opens the prospect of in situ hydrogen generation that could reduce the need for exogenous hydrogen, which remains one of the main drawbacks to be overcome by deoxygenation technology.
prospect of in situ hydrogen generation that could reduce the need for exogenous hydrogen, which remains one of the main drawbacks to be overcome by deoxygenation technology. Given the importance of the interaction between CO and the surface of the catalysts studied, CO TPD analyses were complemented by CO adsorption studies coupled with diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements, the results of which are included in Figure 5 . Given the importance of the interaction between CO and the surface of the catalysts studied, CO TPD analyses were complemented by CO adsorption studies coupled with diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements, the results of which are included in Figure 5 .
prospect of in situ hydrogen generation that could reduce the need for exogenous hydrogen, which remains one of the main drawbacks to be overcome by deoxygenation technology. Given the importance of the interaction between CO and the surface of the catalysts studied, CO TPD analyses were complemented by CO adsorption studies coupled with diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements, the results of which are included in Figure 5 . As seen in Figure 5 , two bands are observed on both catalysts-namely, a well-defined peak at~2180 cm −1 and a broad feature at~2120 cm −1 -both of which can be assigned to CO adsorbed on metallic nickel sites [54, 55] . Note that differences in the frequency of these bands in this and previously published reports can be attributed to the different pretreatments employed. In addition, the Pt-promoted catalyst also shows a large and well-defined peak at~2077 cm −1 , which is assigned to CO adsorbed on Pt sites [56] . However, of primary interest is the shift observed in the CO stretching frequency of the peak assigned to CO adsorbed on metallic Ni sites, the maximum of which occurs at 2175 and at 2183 cm −1 for the Ni-only and Ni-Pt catalysts, respectively. This shift is similar to that observed for other metal alloys and indicates that the alloying of Ni and Pt reduces electron back-donation from the Ni metal, which in turn results in a weaker Ni-CO bond [54, 57] . Notably, this is in agreement with the conclusion that Pt addition lowers the binding strength of CO on supported Ni catalysts based on the CO TPD results reported above and elsewhere [49] . Upon heating at 50 • C in inert atmosphere, the IR absorption bands above 2100 cm −1 (i.e., those associated with CO adsorbed on Ni sites) disappeared (results not shown). This is consistent with previously published results [55] and confirms the low thermal stability and labile nature of these adspecies, which Parizotto et al. have claimed is indicative of changes in the superficial structure of Ni caused by the presence of small amounts of Pt [55] .
Tristearin Deoxygenation in Semi-batch Mode
The results of tristearin deoxygenation experiments are summarized in Table 3 . Table 3 . Semi-batch deoxygenation of tristearin (580 psi of H 2 , 260 • C, 3 h reaction time) 1 .
Selectively to (Yield of) C10-C17 (%) 3, 6 Selectively to (Yield of) C17 (%) 4, 6 Selectively to (Yield of) C18 (%) 5 1 All experiments for which results are shown were performed a minimum of two times and the values presented are the average of multiple experiments, with the average of the standard deviations obtained for all catalysts being 4.6, 1.8, and 2.8% for conversion, selectivity to C10-C17, and selectivity to C17, respectively. 2 Conversion = wt.% of product with bp < 375 • C. 3 Selectivity to C10-C17 = 100 × [(wt.% of product with bp < 314 • C -wt.% of product with bp < 177 • C)/(wt.% of product with bp < 375 • C)]. 4 Selectivity to C17 = 100 × [(wt.% of product with bp < 314 • C -wt.% of product with bp < 295 • C)/(wt.% of product with bp < 375 • C)]. 5 Selectivity to C18 = 100 × [(wt.% of product with bp < 325 • C -wt.% of product with bp < 314 • C)/(wt.% of product with bp < 375 • C)]. 6 The corresponding yield (conversion × selectivity) values are shown between parentheses.
Remarkably, whereas the monometallic catalyst afforded a negligible (2%) conversion, the 20% Ni-0.5% Pt/Al 2 O 3 catalyst exhibited a quantitative conversion of the feed to diesel-like hydrocarbons, and the gas chromatograms and boiling point distribution plots (BPDPs) are shown in Figure 6 .
Since monometallic Pt-based catalysts have been widely reported to be active in the deoxygenation of lipids to fuel-like hydrocarbons [19, 22, 25, 30, 58] , a Pt-only catalyst with the same loading as that used for the best Ni-Pt formulation identified in this study (0.5 wt.%) was tested using the same reaction conditions. Although 0.5% Pt/Al 2 O 3 did indeed show a higher conversion (5%) than 20% Ni/Al 2 O 3 (2%), all bimetallic formulations achieved a considerably greater tristearin conversion. Tellingly, the bimetallic catalyst with the lowest Pt loading displayed a conversion of 21%, with this value being higher than the sum of the conversions achieved by the monometallic catalysts. This indicates that its improved performance stems from a synergistic effect between Ni and Pt and not from the addition of their individual contributions. Indeed, 20% Ni-0.5% Pt/Al 2 O 3 was found to afford a quantitative conversion and a 96% yield of diesel range (C10-C17) hydrocarbons with a 65% selectivity to C17. The identity of individual products was confirmed via MS, which verified that complete deoxygenation was achieved since fuel-like hydrocarbons were the only products detected. The dramatic increase in tristearin conversion observed as Pt loading increases from 0.1-0.5% is curious, particularly since pulsed H 2 chemisorption revealed that increasing the Pt loading beyond 0.1% did not significantly augment the amount of reduced Ni sites (see Section 2.1). Therefore, other phenomena must be invoked to explain the increased conversion. As mentioned above, Pt addition curbs the adsorption of CO (see Section 2.1)-and thus coke formation (see Section 2.3)-on surface Ni active sites, resulting in a higher amount of active sites available for deoxygenation reactions, which can in turn explain how promotion with Pt can lead to improved conversion. Since monometallic Pt-based catalysts have been widely reported to be active in the deoxygenation of lipids to fuel-like hydrocarbons [19, 22, 25, 30, 58] , a Pt-only catalyst with the same loading as that used for the best Ni-Pt formulation identified in this study (0.5 wt.%) was tested using the same reaction conditions. Although 0.5% Pt/Al2O3 did indeed show a higher conversion (5%) than 20% Ni/Al2O3 (2%), all bimetallic formulations achieved a considerably greater tristearin conversion. Tellingly, the bimetallic catalyst with the lowest Pt loading displayed a conversion of 21%, with this value being higher than the sum of the conversions achieved by the monometallic catalysts. This indicates that its improved performance stems from a synergistic effect between Ni and Pt and not from the addition of their individual contributions. Indeed, 20% Ni-0.5% Pt/Al2O3 was found to afford a quantitative conversion and a 96% yield of diesel range (C10-C17) hydrocarbons with a 65% selectivity to C17. The identity of individual products was confirmed via MS, which verified that complete deoxygenation was achieved since fuel-like hydrocarbons were the only products detected. The dramatic increase in tristearin conversion observed as Pt loading increases from 0.1-0.5% is curious, particularly since pulsed H2 chemisorption revealed that increasing the Pt loading beyond 0.1% did not significantly augment the amount of reduced Ni sites (see Section 2.1). Therefore, other phenomena must be invoked to explain the increased conversion. As mentioned above, Pt addition curbs the adsorption of CO (see Section 2.1) -and thus coke formation (see Section 2.3) -on surface Ni active sites, resulting in a higher amount of active sites available for deoxygenation reactions, which can in turn explain how promotion with Pt can lead to improved conversion.
It is important to note that all deoxygenation reactions were performed using a 100% H2 atmosphere, which has been shown to lead to improved results, even if H2 is not directly consumed by the deCOx reactions [5, 31, 33, 59] . The deoxygenation of lipids typically proceeds preferentially via It is important to note that all deoxygenation reactions were performed using a 100% H 2 atmosphere, which has been shown to lead to improved results, even if H 2 is not directly consumed by the deCO x reactions [5, 31, 33, 59] . The deoxygenation of lipids typically proceeds preferentially via HDO at lower reaction temperatures when both HDO and deCO x pathways are viable [60] [61] [62] . Therefore, it is remarkable that all catalysts yielded negligible amounts (≤1%) of C18-the primary HDO product-indicating that deoxygenation proceeds almost exclusively via deCO x . Parenthetically, most experiments also yielded small amounts (<1%) of stearyl stearate, an intermediate formed in the deoxygenation of lipids through esterification reactions involving fatty acid and alcohol intermediates [36] . Indeed, for some experiments involving Ni-Pt catalysts, the MS analysis of the product mixture (not shown) revealed small amounts of stearic acid, albeit neither fatty acids nor alcohols were detected in repeat experiments. Nevertheless, the stearic acid observed in some product mixtures suggests that the conversion of tristearin to hydrocarbons proceeds through a fatty acid intermediate, which is in line with previous reports [31, 35] and explains the stearyl stearate detected [32, 36] . Notably, the small amounts of intermediates observed suggest that deoxygenation occurs rapidly after intermediate formation, indicating that the latter represents the rate limiting step.
Spent Catalyst Characterization and Catalyst Stability
While coking represents the primary deactivation pathway of Ni catalysts, it has been suggested that the addition of Pt to Ni-based formulations can lessen deactivation by curbing coke formation [49] . Therefore, representative spent catalysts were subjected to thermogravimetric analysis (TGA) in air, with the resulting profiles being shown in Figure 7. fatty acids nor alcohols were detected in repeat experiments. Nevertheless, the stearic acid observed in some product mixtures suggests that the conversion of tristearin to hydrocarbons proceeds through a fatty acid intermediate, which is in line with previous reports [31, 35] and explains the stearyl stearate detected [32, 36] . Notably, the small amounts of intermediates observed suggest that deoxygenation occurs rapidly after intermediate formation, indicating that the latter represents the rate limiting step.
While coking represents the primary deactivation pathway of Ni catalysts, it has been suggested that the addition of Pt to Ni-based formulations can lessen deactivation by curbing coke formation [49] . Therefore, representative spent catalysts were subjected to thermogravimetric analysis (TGA) in air, with the resulting profiles being shown in Figure 7 . All TGA profiles show their major weight loss event below 400 °C, which is attributed to the desorption and/or combustion of residual reactants, intermediates, and products (or soft coke) [63] . Moreover, weight losses are relatively minor above 400 °C, indicating that minimal amounts of graphitic or hard coke are present [63] . Saliently, there is a clear inverse relationship between total weight loss and Pt metal loading. Indeed, the total weight loss is 14.9, 14.6, 13.5, and 12.2%, for 20% Ni/Al2O3, 20% Ni-0.1% Pt/Al2O3, 20% Ni-0.25% Pt/Al2O3, and 20% Ni-0.5% Pt/Al2O3, respectively. Similarly, there is also an inverse relationship between the extent of coking/fouling and catalytic activity, 20% Ni/Al2O3, and 20% Ni-0.5% Pt/Al2O3 affording negligible and quantitative conversion, respectively. Therefore, the improved activity obtained by increasing Pt loading may be attributed, at least in part, to reduced coking and fouling. This can be attributed to the ability of Pt to facilitate the spillover of atomic H onto the catalyst surface [49] , thereby facilitating the desorption of unsaturated adspecies via hydrogenation, and hence the removal of coke precursors and material All TGA profiles show their major weight loss event below 400 • C, which is attributed to the desorption and/or combustion of residual reactants, intermediates, and products (or soft coke) [63] . Moreover, weight losses are relatively minor above 400 • C, indicating that minimal amounts of graphitic or hard coke are present [63] . Saliently, there is a clear inverse relationship between total weight loss and Pt metal loading. Indeed, the total weight loss is 14.9, 14.6, 13.5, and 12.2%, for 20% Ni/Al 2 O 3 , 20% Ni-0.1% Pt/Al 2 O 3 , 20% Ni-0.25% Pt/Al 2 O 3 , and 20% Ni-0.5% Pt/Al 2 O 3 , respectively. Similarly, there is also an inverse relationship between the extent of coking/fouling and catalytic activity, 20% Ni/Al 2 O 3 , and 20% Ni-0.5% Pt/Al 2 O 3 affording negligible and quantitative conversion, respectively. Therefore, the improved activity obtained by increasing Pt loading may be attributed, at least in part, to reduced coking and fouling. This can be attributed to the ability of Pt to facilitate the spillover of atomic H onto the catalyst surface [49] , thereby facilitating the desorption of unsaturated adspecies via hydrogenation, and hence the removal of coke precursors and material blocking pores and active sites [64] . However, given that the weight loss difference between the worst and best performing catalyst is only 2.7%, reduced coking and fouling does not appear to be the major promoting effect from Pt addition influencing catalyst performance, although it does appear to be a minor contributing factor.
In order to test the chemical stability of the catalysts, representative product mixtures were filtered to remove the spent solid catalysts before analyzing the filtrates via inductively-coupled plasma-atomic emission spectroscopy (ICP-AES) to test for Ni and Pt in solution. These leaching studies revealed <0.1 ppm of Ni and <0.5 ppm of Pt in the filtrates recovered from the reaction involving 20% Ni-0.5% Pt/Al 2 O 3 , which provides a first indication of the stability of this catalyst under the reaction conditions employed. Parenthetically, this is in agreement with the results of previous studies in which supported Ni catalysts (including 20% Ni/Al 2 O 3 ) displayed similar chemical stability when tested under more stringent reaction conditions (≥350 • C, 4-6 h reaction time) [31, 35] . In addition, in order to investigate the possibility of metal particle aggregation and/or transition metal redistribution, representative spent catalysts -namely, 20% Ni/Al 2 O 3 and 20% Ni-0.5% Pt/Al 2 O 3 -were analyzed via TEM-EDS (see Figures 8 and A4 in Appendix A).
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In order to test the chemical stability of the catalysts, representative product mixtures were filtered to remove the spent solid catalysts before analyzing the filtrates via inductively-coupled plasma-atomic emission spectroscopy (ICP-AES) to test for Ni and Pt in solution. These leaching studies revealed <0.1 ppm of Ni and <0.5 ppm of Pt in the filtrates recovered from the reaction involving 20% Ni-0.5% Pt/Al2O3, which provides a first indication of the stability of this catalyst under the reaction conditions employed. Parenthetically, this is in agreement with the results of previous studies in which supported Ni catalysts (including 20% Ni/Al2O3) displayed similar chemical stability when tested under more stringent reaction conditions (≥350 °C, 4-6 h reaction time) [31, 35] . In addition, in order to investigate the possibility of metal particle aggregation and/or transition metal redistribution, representative spent catalysts -namely, 20% Ni/Al2O3 and 20% Ni-0.5% Pt/Al2O3 -were analyzed via TEM-EDS (see Figure 8 and Figure A4 in Appendix A). Albeit the vast majority of metal particles within both spent catalysts remained within the same narrow size range observed for the fresh formulations, i.e., between 5 and 13 nm (see Figure 2a) , a relatively small amount of larger particles were formed during the reaction, this effect being slightly more pronounced for the Ni-only catalyst. Nevertheless, as shown in Figure 8a , the vast majority of metal particles in the spent monometallic formulation range between 5 and 8 nm, whereas the majority of metal particles in the spent bimetallic catalyst range between 6 and 13 nm, with these results being similar to those observed for the fresh formulations (see Figure 2a) . The particle composition histogram of the spent 20% Ni-0.5% Pt/Al2O3 catalyst (Figure 8b) shows that the majority of metal particles display a Pt content between 0.5 and 3.4 wt.% and a slightly narrower Pt content distribution than that displayed by the fresh formulation (Figure 2b) . As was also observed in the fresh bimetallic catalyst (see Figure A2 in Appendix A), the elemental maps for the spent Ni-Pt formulation (displayed in Figure A4 in Appendix A) show that Pt-rich regions coincide with the location of Ni particles. These results indicate that these catalysts only experience small changes in particle size and transition metal distribution during the reaction, which suggests that these formulations are stable under the reaction conditions employed in this study.
Admittedly, catalyst stability is better assessed in experiments performed using a more industrially relevant set of reaction conditions than those employed in this study. Indeed, in order to test the lifetime or stability of a catalyst, a continuous fixed-bed reactor should ideally be employed Albeit the vast majority of metal particles within both spent catalysts remained within the same narrow size range observed for the fresh formulations, i.e., between 5 and 13 nm (see Figure 2a) , a relatively small amount of larger particles were formed during the reaction, this effect being slightly more pronounced for the Ni-only catalyst. Nevertheless, as shown in Figure 8a , the vast majority of metal particles in the spent monometallic formulation range between 5 and 8 nm, whereas the majority of metal particles in the spent bimetallic catalyst range between 6 and 13 nm, with these results being similar to those observed for the fresh formulations (see Figure 2a) . The particle composition histogram of the spent 20% Ni-0.5% Pt/Al 2 O 3 catalyst (Figure 8b) shows that the majority of metal particles display a Pt content between 0.5 and 3.4 wt.% and a slightly narrower Pt content distribution than that displayed by the fresh formulation (Figure 2b) . As was also observed in the fresh bimetallic catalyst (see Figure A2 in Appendix A), the elemental maps for the spent Ni-Pt formulation (displayed in Figure A4 in Appendix A) show that Pt-rich regions coincide with the location of Ni particles. These results indicate that these catalysts only experience small changes in particle size and transition metal distribution during the reaction, which suggests that these formulations are stable under the reaction conditions employed in this study.
Admittedly, catalyst stability is better assessed in experiments performed using a more industrially relevant set of reaction conditions than those employed in this study. Indeed, in order to test the lifetime or stability of a catalyst, a continuous fixed-bed reactor should ideally be employed to upgrade a realistic and concentrated feed (as opposed to a model, dilute feed) in an experiment lasting multiple days-as reported in a recent publication [65] -in order to monitor how conversion changes with time on stream. Such an experiment was performed and 20% Ni-0.5% Pt/Al 2 O 3 afforded excellent results, upgrading a solution of 75 wt.% yellow grease (used cooking oil) in dodecane at 375 • C, using 0.5 g of catalyst and 0.5 g of SiC as catalyst diluent and a feed solution flow rate of 0.75 mL/h (equivalent to a WHSV of 1 h −1 ). The liquid products recovered after 24, 48, and 72 hours consisted of 100% diesel-like (C10-C20) hydrocarbons, which suggests excellent catalyst stability. However, a detailed presentation and discussion of these results lies beyond the scope of the current article and will be the focus of a future contribution.
Materials and Methods

Catalyst Preparation
Catalysts were prepared by excess wetness impregnation using Ni(NO 3 ) 2 ·6H 2 O (Alfa Aesar, Haverhill, MA, USA) and/or Pt(NH 3 ) 4 (NO 3 ) 2 (Sigma Aldrich, St. Louis, MO, USA) as the metal precursors. Beads of γ-Al 2 O 3 (Sasol, Johannesburg, South Africa; surface area of 216 m 2 /g) used as the support were crushed to a particle size of <150 µm before impregnation. Each Ni-based catalyst contained 20 wt.% Ni, while Pt loading was varied at 0.0, 0.1, 0.25, and 0.5 wt.%. A monometallic 0.5 wt.% Pt/Al 2 O 3 catalyst was also prepared for comparison purposes. After each impregnation, materials were dried overnight at 60 • C under vacuum prior to calcination for 3 h at 500 • C in static air. Ni-Pt catalysts were prepared using two sequential impregnation steps.
Catalyst Characterization
The surface area, pore volume, and average pore radius of the catalysts were determined by N 2 physisorption using previously described instruments and methods [30] . The average NiO particle size was calculated by applying the Scherrer equation to the NiO peaks observed in powder X-ray diffractograms. The equipment and procedures for acquiring the X-ray diffractograms are described elsewhere [35] . TEM observations were conducted on the 20% Ni/Al 2 O 3 and the 20% Ni-0.5% Pt/Al 2 O 3 catalysts. The catalyst samples were loaded onto lacey carbon 400 mesh copper (C/Cu) grids through a sonication-assisted method in which a few milligrams of each catalyst were sonicated in 1 mL of ethanol for 20 min before placing one drop of the resulting suspension onto a blank C/Cu grid that was subsequently allowed to dry in air. Samples thus prepared were then introduced into a Thermo Scientific (Waltham, MA, USA) Talos F200X analytical electron microscope, operated at 200 keV and equipped with a 4 silicon drift detector (SDD)-based EDS system for quantitative chemical composition analysis and elemental distribution mapping. TPR and pulsed H 2 chemisorption measurements were performed using calcined catalyst samples (150 mg). The catalyst was loaded in a quartz U-tube reactor connected to a Micromeritics (Norcross, GA, USA) Autochem II analyzer equipped with a thermal conductivity detector (TCD). The temperature was monitored using a thermocouple situated in the catalyst bed. TPR measurements were performed using a method previously described [35] . Prior to pulsed H 2 chemisorption measurements, calcined catalysts were reduced in situ under flowing 10% H 2 /Ar at 350 • C for 1 h. The reactor was then purged with Ar (50 cm 3 /min) at 450 • C for 30 min and subsequently cooled to 50 • C under flowing Ar. After the TCD signal stabilized, 0.025 cm 3 (STP) of 10% H 2 /Ar was pulsed into a flow of Ar carrier gas (50 cm 3 /min) directed to the reactor. Pulsing of 10% H 2 /Ar continued at 3 min intervals until the area of the H 2 peaks remained constant. Samples were reduced prior to XPS measurements in a Lenton tube furnace under flowing 90% H 2 in He (10 mL/min) using a heat ramp of 10 • C/min to reach a temperature of 400 • C, which was held for one hour. After reduction, the tube furnace was filled with pure He, sealed using Swagelok ® caps, transported to a Kratos (Manchester, UK) AXIS Supra XPS instrument, and placed inside a front-loading glovebox, which was then evacuated and subsequently filled with N 2 . The samples were removed from the sealed tube furnace, affixed to a sample bar using double-sided carbon tape, and loaded into the flexi-lock sample analysis chamber (SAC). Once the pressure reached below 10 −7 torr, XPS analysis was performed using an Al mono-chromatic X-ray source (1486.69 eV) and an electron flood gun for charge neutralization. Wide scans were performed at a pass energy of 160 eV and high-resolution scans were performed at a pass energy of 20 eV. Data was analyzed using CasaXPS v. 2.3.19PR1.0 and all peaks were fitted using a Shirley background. Ni fits were developed using model parameters adapted from the work of Grovesnor et al. [66] . CO-TPD measurements were performed using a Micromeritics (Norcross, GA, USA) AutoChem II analyzer equipped with a mass spectrometer-Pfeiffer (Annecy, France) ThermoStar GSD301-programmed to follow the main mass-over-charge (m/z) signals attributed to CO and CO 2 -namely m/z = 28 and m/z = 44, respectively-with the contribution to the former signal stemming from CO 2 being subtracted to fully deconvolute CO and CO 2 . Catalysts were pre-reduced in situ at 350 • C for 3 h under a flow of 10% H 2 /Ar (60 mL/min). The catalysts were then purged at 450 • C for 30 min under flowing Ar (60 mL/min) prior to being cooled to room temperature and exposed to a flow (100 mL/min) of ultrapure CO for 1 h. The system was then flushed with Ar (100 mL/min) for 1 h to remove any trace of physisorbed CO. TPD measurements were then performed by raising the temperature from room temperature to 800 • C at a rate of 10 • C/min. TGA of the spent catalysts was performed under flowing air (50 mL/min) on a TA instruments Discovery Series thermogravimetric analyzer. The temperature was ramped from room temperature to 800 • C at a rate of 10 • C/min. DRIFTS was performed on the catalysts after CO adsorption using a Thermo Scientific (Waltham, MA, USA) Nicolette 6700 FTIR instrument fitted with a Harrick Scientific (Pleasantville, NY, USA) praying mantis DRIFTS cell equipped with a high temperature reaction chamber. Both the catalyst pretreatment and the CO adsorption methods used prior to spectra acquisition mirrored those employed for the CO TPD measurements described above, except gases were flowed at a rate of 50 mL/min due to limitations of the DRIFTS cell. For temperature-induced desorption studies coupled with DRIFTS measurements (results not shown), desorption was carried out in steps, pausing at each temperature at which spectra were acquired (50, 100, 150, 200 , and 250 • C) for five minutes to allow for the temperature to stabilize and for a spectrum to be collected, and a ramp of 10 • C/min was used between these temperatures.
Deoxygenation Experiments
The calcined catalyst (<150 µm particle size) was dried overnight at 60 • C under vacuum before use. The dried catalyst (0.5 g) was then placed into a mechanically stirred 100 mL stainless steel autoclave (Parker, Cleveland, OH, USA), which was first purged with Ar and then pressurized to 70 psi with 10% H 2 /Ar and a gas flow (60 mL/min). This flow and pressure were maintained during a catalyst reduction step performed at 350 • C for 3 h. Temperature was measured by a K-type thermocouple placed inside a thermowell. The reactor was then cooled to room temperature and purged with Ar. After cooling, the liquid solvent (22 g) was added through an opening on the reactor head. The reactor was then opened to add the solid feed (1.8 g). Dodecane (99+%, from Alfa Aesar, Haverhill, MA, USA) and tristearin (95%, from City Chemical, West Haven, CT, USA) were used as the solvent and the model triglyceride feed, respectively. The reactor was resealed and purged three times with Ar prior to being pressurized with H 2 to 580 psi. Once at this pressure, the reactor was heated to 260 • C under a constant flow of H 2 (60 mL/min), while the contents were mechanically stirred (1000 rpm). Stirring and H 2 gas flow were held constant through the duration of the experiment (3 h). Volatile liquid products were collected in a condenser placed downstream of the reactor and upstream from a backpressure regulator. At the end of the experiment, the reactor was cooled to room temperature (using forced air and an ice bath), depressurized, and opened. The liquid and solid products recovered were separated by gravity filtration. The solids were rinsed with chloroform to recover additional liquid product from the spent catalyst. Excess chloroform was removed from the combined filtrate and washings by rotatory evaporation prior to analysis.
Liquid Product Analysis
The liquid products were analyzed using a combined Simulated Distillation-GC and GC-MS method purposely devised to identify and quantify the reactants, intermediates, and products involved in the upgrading of fats and oils to hydrocarbons. Detailed information about the development and application of this method is available elsewhere [67] . The analyses were performed using an Agilent (Santa Clara, CA, USA) 7890B GC system equipped with an Agilent (Santa Clara, CA, USA) 5977A extractor MSD and a flame ionization detector (FID). The multimode inlet, which contained a helix liner, was run in split mode (15:1; split flow, 48 mL/min) with an initial temperature of 100 • C. He was used as the carrier gas and a 1 µL injection was employed. Upon injection, the inlet temperature was immediately increased to 380 • C at a rate of 8 • C/min, and the temperature was maintained for the course of the analysis. The oven temperature was increased upon injection from 40 • C to 325 • C at a rate of 4 • C/min, followed by a ramp of 10 • C/min to 400 • C, which was maintained for 12.5 min. The total analysis run time was 91.25 min. An Agilent (Santa Clara, CA, USA) J&W VF-5ht column (30 m × 250 µm × 0.1 µm) rated to 450 • C was used. Column eluents were directed to a Siltek MXT connector that split the flow into two streams, with one leading to the MSD (J&W Ultimetal Plus Tubing, 11 m × 0.25 mm i.d.) and one leading to the FID (J&W Ultimetal Plus Tubing, 5 m × 0.25 mm i.d.). The MS zone temperatures (MS source at 230 • C and quadrupole at 150 • C) were held constant for the duration of the analysis. A 1.75 min solvent delay was implemented and the MSD scanned from 10 to 700 Da. The FID was set to 390 • C with the following gas flow rates: H 2 = 40 mL/min; air = 400 mL/min; He makeup = 25 mL/min. Quantification was performed using cyclohexanone as the internal standard. Agilent (Santa Clara, CA, USA) MassHunter Acquisition and SimDis Expert 9-purchased from Separation Systems Inc. (Gulf Breeze, FL, USA)-software packages were respectively used to perform chromatographic programming and to process the GC-FID data acquired. Solvents (i.e., chloroform and dodecane) were quenched and/or subtracted prior to data processing.
Conclusions
Results of catalyst screening tests in a semi-batch reactor show that Pt is an effective promoter of supported Ni catalysts in the deCO x of tristearin at 260 • C, with the conversion increasing from 2% over 20% Ni/Al 2 O 3 to 100% over 20% Ni-0.5% Pt/Al 2 O 3 . In addition, 20% Ni-0.5% Pt/Al 2 O 3 yielded a selectivity to diesel-like hydrocarbons (C10-C17) of 96% with a 65% selectivity to C17, the primary deCO x product. Notably, these improvements in the deCO x performance result from a synergistic effect of the two metals, as indicated by the fact that 20% Ni-0.5% Pt/Al 2 O 3 displays a conversion significantly higher than the sum of the conversion values afforded by monometallic 20% Ni/Al 2 O 3 and 0.5% Pt/Al 2 O 3 catalysts. Catalyst characterization reveals that the superior activity of Ni-Pt relative to Ni-only catalysts is not a result of Ni particle size effects or surface area differences, but rather stems from several other phenomena, including the improved reducibility of NiO when Pt is present. Indeed, H 2 pulsed chemisorption measurements identified 2.55 × 10 18 /g and 1.72 × 10 19 /g adsorption sites on 20% Ni/Al 2 O 3 and 20% Ni-0.5% Pt/Al 2 O 3 , respectively. This suggests that the addition of a small amount of Pt to the supported Ni catalyst reduced at 350 • C dramatically increases the amount of reduced surface metal sites, which are believed to be the active sites for deCO x reactions. Moreover, CO-TPD measurements suggest that Pt addition curbs the adsorption of CO on the catalyst surface, which should decrease catalyst poisoning by any CO evolved via decarbonylation and make additional active sites available for deoxygenation reactions and/or prevent catalyst coking. Further, CO adsorption studies coupled with DRIFTS measurements indicate that Pt addition weakens the Ni-CO bond and lowers the binding strength of CO on surface Ni sites. Finally, TGA of the spent catalysts recovered from deCO x experiments suggests that the beneficial effect of Pt on catalyst performance can also be explained by decreased coking and fouling. The majority of the surface deposits observed corresponded to strongly adsorbed reactants, intermediates, and products (or soft coke), as only a small amount of hard coke was detected. The ability of Pt to chemisorb H 2 and facilitate H migration across the surface of the catalyst presumably helps remove these adspecies via hydrogenation, which explains the inverse relationship between Pt loading and the extent of coking and fouling. 
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Appendix A Figure A1 . TEM micrographs of 20% Ni/Al2O3 (left) and 20% Ni-0.5% Pt/Al2O3 (right) showing the similar metal particle size of the monometallic and bimetallic formulations. 
